Abstract -Recently, suggested that the byssus of the green-lipped mussel Perna viridis can be a biomonitoring material for Zn although further validation is required. In this work, we did a simple correlation study between Zn concentrations in the byssus (and soft tissue) and in different geochemical fractions of the sediment. A significant ( P < 0.01) Pearson's correlation coefficient ( R = 0.84) between the Zn concentrations in the byssus and soft tissue indicated that the Zn level in the byssus is highly correlated to its level in the soft tissue and that the byssus could act as an excretion route for Zn. Higher R-values were found between the byssus-easily or freely, leachable and exchangeable, byssus-acid-reducible, byssus-oxidizable-organic and byssus-nonresistant fractions of the sediment, and the byssus-Zn concentration in the total sediment when compared to those found between the soft tissue and the same geochemical fractions. This indicated that the byssus was more reflective of Zn contamination in the field environment than the soft tissue. Therefore, the data further support the use of the byssus as a biomonitoring material for Zn as was originally suggested by Yap et al. [3].
INTRODUCTION
The heavy metal levels of the byssus of marine mussels have been reported in the literature [1] [2] [3] . "Can the byssus of marine mussels be a biomonitoring material for heavy metals?" is an interesting question [3] , and recently Yap et al. [3] suggested that the byssus of the green-lipped mussel Perna viridis could be used for biomonitoring Zn based on field and laboratory studies. However, further validation is required to support this hypothesis. Since a correlation between pollutant levels present in the biomonitoring agent and those in its environment is one of the criteria [4] , we correlated the Zn levels in the byssus of P. viridis with those in environmental geochemical sediments. This information has not yet been reported in the literature.
Among the reasons why the byssus is used for biomonitoring purposes are the following: (1) it is easily dissectable when the mussel's shells are removed; (2) it does not need to be frozen for storage; (3) it is important in the storage and elimination of heavy metals in mussels [1, 5, 6] ; and (4) it is comprised of a protein, collagen, which contains some potential metal binding sites [1, 6] .
The soft tissue (ST) of marine mussels without the byssus has been analyzed for heavy metals under the "Mussel Watch" approach as part of integrated measures to monitor the bioavailabilities of heavy metals in coastal waters [7] . However, it has been reported that marine mussels "partially regulate" the Zn body concentrations [4, 8, 9] . Kennedy [9] found that Zn concentrations were "partially regulated" in the ST of Perna canaliculus found in New Zealand waters. In the case of the green-lipped mussel P. viridis , Phillips [8] found it has the ability partially to regulate Zn in its ST, and recently Yap et al. [4] found that there was no significant correlation between speciation of Zn in the sediment and its concentrations in the total soft tissue of P. viridis. This brings into questions the use of the total ST of P. viridis in the biomonitoring of Zn.
In the present study, we aimed to look into the potential use of the byssus of P. viridis as an alternative tool to monitor Zn levels more effectively based on correlations between Zn levels in the byssus (and ST) and the different geochemical fractions of field-collected sediment.
MATERIALS AND METHODS

Field Sampling
The mussels and surface sediments were collected between 1999-2000 (9 sampling sites) along the west coast of Peninsular Malaysia (Fig 1) . The shell lengths, numbers of mussels analyzed, and site descriptions are given in Table 1 . The samples were collected from areas that were subjected to various types of human activities such as port, industrial, aquacultural, agricultural,
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Perna viridis ( Linnaeus ) as a Biomonitoring Material for Zn domestic, and recreational areas. After being transported to the laboratory, all the samples were stored at -10 ° C until analyzed.
Three replicates of sediments were sampled from each site. The top 3 to 5 cm of each sediment sample was placed in an acid-washed polyethylene bag and deep frozen prior to analysis. The samples were sieved through a 0.5 mm stainless steel sieve and shaken vigorously to produce homogeneity [4] . All sediments were muddy by direct observation.
Geochemical studies of the sediments were carried out based on the modified sequential extraction technique described by Badri and Aston [10] and used by Yap et al. [4] . The four fractions considered were the "easily or freely, leachable and exchangeable" (EFLE), "acid-reducible," "oxidizable-organic" and "resistant." The mathematical summation of the EFLE, "acidreducible," and "oxidizable-organic" fractions constitutes the "nonresistant" phase. This "nonresistant" phase is closely related to anthropogenic inputs, while the resistant form exists in nature and originates from the breakdown of the silica lattices of rocks [10] .
Speciation of Cd, Cu, Pb, and Zn of Sediment Samples
Geochemical fractions of Cd, Cu, Pb, and Zn in the sediments were obtained by using the modified SET as described by Badri and Aston [10] and Tessier and Campbell [11] . Three replicates for each fraction were analyzed. In the four fractions considered, the extraction solutions and the conditions employed were the following:
(1) EFLE: About 10 g of sample was continuously shaken for 3 h with 50 ml 1.0 M ammonium acetate (NH 4 CH 3 COO), pH 7.0 at room temperature.
(2) "Acid-reducible": The residue was continuously shaken for 3 h with 50 ml 0.25 M hydroxylammonium chloride (NH 2 OH · HCl) acidified to pH 2 with HCl, at room temperature.
(3) "Oxidizable-organic": The residue was first oxidized with 30% H 2 O 2 in a water bath at 90-95 ° C. After cooling, the metal released from the organic complexes was continuously shaken for 3 h with 1.0 M ammonium acetate (NH 4 CH 3 COO) acidified to pH 2.0 with HCl, at room temperature.
(4) Resistant: The residue from (3) was digested in a combination of concentrated nitric acid (AnalaR grade, BDH, 69%) and perchloric acid (AnalaR grade BDH, 60%) at a 4 : 1 ratio.
The residue used for each fraction was weighed before the next fractionation was carried out. The residue was washed with 20 ml DDW. It was then filtered through Whatman No 1. Filter-paper, and the filtrate was stored until metal determination. For each fraction of the sequential extraction procedure, a blank was employed using the same procedure to ensure that the samples were free of contaminants.
Zn Analysis
Mussels of relatively similar sizes were analyzed individually from each of the sampling sites. In each sampling site, 20-25 individuals of mussels were analyzed for the Zn concentration in the total soft tissue. Their byssus samples were pooled, and 2-3 replicates were analyzed from each site. The STs, byssus, and sediments were dried at 105 ° C for 72 hours in an oven to constant dry weights [12] . The dried and sieved sediment samples were digested in concentrated nitric acid (AnalaR grade BDH, 69%) and perchloric acid (AnalaR grade BDH, 60%) in the ratio of 4 : 1 while the mussel ST and byssus samples were digested in concentrated nitric acid (AnalaR grade BDH, 69%) [4] . They were put in a hot-block digester first at low temperature (40 ° C) for 1 hour, and then they were fully digested at 140 ° C for at least 3 hours. The prepared samples were analyzed for the Zn concentrations by using a Perkin-Elmer air-acetylene flame atomic absorption spectrophotometer, Model 4100. The data are presented in µ g/g of sample dry weight (dw). To avoid possible contamination, all the glassware and equipment used were acid-washed. The accuracy of the analysis was checked with a quality control sample made up of a standard solution of Zn (1000 mg/l ZnSO 4 ; MERCK). The recovery was 90-100%. For the four geochemical fractions of the sediment, in each fraction, a procedural blank was employed using the same procedure to check for external contamination.
Pearson's product moment correlation coefficient on the log 10 (mean + 1) transformed data [13] was applied to determine the strength of the relationships and the significance levels between any two variables by using the Statistical Analysis System for Windows Release 6.12 software. In addition, the plotting of the Zn concentrations in the different geochemical fractions of the sediment with those of the byssus and ST were fitted to statistical equations including linear
, and exponential [ Y = a ( e bx )] equations, by using the KaleidaGraph graphical software. The curve equation which gave the highest R-values was selected [14] .
RESULTS
The mean Zn concentrations in the byssus and the total soft tissue of P. viridis and in the various geochemical fractions of the sediment samples are presented in Table 2 . The ranges of Zn concentrations in the byssus and total ST of P. viridis and total Zn in the sediments were 96.1-242.8, 69.4-128.9, and 60.0-243.9 µ g/g dw, respectively.
Pearson's correlation coefficient between Zn levels in the byssus and ST based on the field samples is significant ( R = 0.84; P < 0.01), as shown in Fig. 2 . When the Zn levels of the ST and the byssus were plotted against each other (Fig. 2) , it was found that the relationship was best fitted to an exponential equation Y = 53.9 e 0.004 x with a relatively high R -value (0.84). This indicated that the Zn level in the byssus was related to that in the ST of P. viridis.
The relationships between Zn concentrations in the different geochemical fractions of the sediment and in the byssus and in the total ST of P. viridis are shown in Fig. 3 . Pearson's correlation coefficients for byssus-EFLE, byssus-"acid-reducible," byssus-"oxidizableorganic," byssus-"nonresistant," byssus-total Zn of sediment were 0.64, 0.68, 0.68, 0.72, and 0.74, respectively. All of these R-values were higher than those found for the associations between ST-EFLE (R = 0.50), ST-"acid-reducible" (R = 0.45), ST-"oxidisable-organic" (R = 0.49), ST-"nonresistant" (R = 0.51) and ST-total Zn of the sediments (R = 0.68). Only the R-value of byssus-"resistant" (R = 0.57) was slightly lower than in the ST-"resistant" (R = 0.66). These relationships were best fitted to exponential equations since they gave the highest R-values when compared to linear and logarithmic equations. The R-values of these exponential equations were also higher when the levels of Zn in the byssus were plotted against EFLE (R = 0.75), "acid-reducible" (R = 0.75), "oxidizable-organic" (R = 0.76), "nonresistant" (R = 0.77), and the total Zn in the sediments (R = 0.83) than when the Zn levels of the ST were plotted against similar geochemical fractions of the sediment.
DISCUSSION
Among all the sampling sites studied, Kg. Pasir Puteh recorded the highest Zn concentrations in the byssus and total ST of P. viridis and in the sediments. This was in agreement with those previously reported by Yap et al. [15] for the sediment. They found that this station was contaminated by Zn. Based on the results of the byssus and total soft tissues and sediments, the west coast of Peninsular Malaysia was not contaminated by Zn except for Kg. Pasir Puteh which received effluents from industries and urban and port activities. Apart from the contribution by anthropogenic activities, it should be noted that the Zn concentrations in the coastal area depend on the sediment grain-size factor, which is determined by the transport and dissemination of suspended matter through the water circulation, as well as mineralogical and geochemical factors [16] .
The close relationship between the Zn levels in the byssus and in the ST indicated that the Zn concentrations found in the byssus of P. viridis were affected by the increased levels of Zn in the ST. Although this close relationship was not evident that the Zn levels in the byssus were transferred from the ST, the presence of metal-binding proteins in the mussel byssus and its function in the elimination of the metals (this will be discussed later) are important points to support the hypothesis that Zn was physiologically transferred to the byssus from the ST rather than the byssus Zn level being due to adsorption onto the byssus surface [17, 18] . The physiological transfer of Zn from the ST to the byssus could be part of the process of "partial regulation" of the ST Zn concentration, involving detoxified storage of Zn by the protein binding sites in the byssus. Such a physiological process might be a defensive mechanism against the toxicity of the Zn accumulated in the ST of the mussel [19] .
The higher correlation coefficients found between the Zn concentrations in the byssus and in the different geochemical fractions of the sediment indicated that the Zn concentrations in the byssus of P. viridis were more closely related to those of the EFLE, "acid-reducible," "oxidisable-organic," and "nonresistant" fractions and the total Zn concentrations in the sediment, when compared to those of the same geochemical fractions plotted against the ST of the mussel. The higher R-values of the relationships indicated that the byssus of P. viridis would be a better biomonitoring material to reflect Zn contamination than the ST of the mussel. Although mussels are suspension filter feeders and they are not in direct contact with the bottom sediments, the sediments could become a secondary source of metal contamination for the organisms living above them since the high "energy" in the intertidal waters due to the daily tidal changes might resuspend sediments. The regular input of anthropogenic metals could be determined by analyzing the sediment because it acts as a sink for heavy metals [20] . The higher the correlation coefficients between the byssus and the "nonresistant" fractions (EFLE, "acid-reducible," and "oxidizableorganic") indicated that the byssus could be a suitable biomonitoring material of anthropogenic Zn.
The recommendation to use the byssus of P. viridis as a biomonitoring material for Zn is based on the fact that it can act as an excretion route for Zn. This phenomenon is well supported by numerous authors [3, 6, 21] who had shown that the byssus of several mussels could be used for biomonitoring purposes in coastal waters. Unlu and Fowler [18] reported that the byssus of M. galloprovincialis played an important role in the elimination of arsenic from the mussels. George et al. [22] found that a major proportion of iron was excreted by transferring it to the byssus of M. edulis. Ikuta [23] found that when high levels of heavy metals were accumulated in the ST of the mussel M. edulis, these heavy metals would almost proportionally be transferred to the byssus. The byssus of M. edulis was shown to be a good biomonitoring tool for Cu [24] and Hg [6] . In this study, we have found that the byssus of P. viridis is a good biomonitoring instrument for Zn.
Yap et al. [4] reported that an insignificant positive relationship (R = 0.62, P > 0.05) between Zn levels in the total ST of P. viridis and total Zn levels in the sediments. However, it was found from the present study that the similar pairwise was significantly correlated (R = 0.68, P < 0.05). The R-values for both cases were quite close, and in fact, they seem to fall between the borderline of significant and insignificant correlation. However, the interesting finding was the slightly better R-values for the byssus-total concentration in the sediment when compared to the total ST-total concentration in the sediment. This indicated that Zn levels in the byssus is a better biomonitoring material of Zn contamination for the west coast of Peninsular Malaysia. The best correlations were found between Zn total ST-total Zn level in sediment (R = 0.68, P < 0.05) and byssus-total Zn levels in sediment (R = 0.74, P < 0.05). The R-value between Zn total ST and total Zn in sediment from the present work was also close to that reported by Yap et al. [4] (R = 0.62). The use of an extraction scheme for the determination of the four geochemical forms of Zn in sediment seems not to tell the geochemical fraction that could be more related to either Zn level in the total ST or byssus. Either the sequential extraction procedure should be modified by using different chemical extractants or the correlation and regression analyses can be solely based on the Zn byssus-total Zn in the sediment or Zn total ST-total Zn in the sediment rather than using the existing sequential extraction technique described by Badri and Aston [10] , to avoid excessive work in future research.
Since the byssus of P. viridis has higher correlation coefficients with the geochemical fractions of the environmental sediment, the use of the byssus of P. viridis as a biomonitoring material for Zn is recommended. It can be used as an alternative tool for the biomonitoring of Zn since the ST of P. viridis has a "partial regulatory" mechanism for Zn. The present data further support the use of the byssus of P. viridis as biomonitoring instrument for the identification of coastal areas exposed to Zn pollution, as was originally suggested by Yap et al. [3] .
